To investigate the effects of resveratrol (RV) in reprogramming mouse embryonic fibroblasts (MEFs) into induced pluripotent stem cells (iPSCs) and the related mechanism. METHODS: Primary MEFs were isolated from E13.5 embryos and used within three passages. Retroviruses expressing Sox2 and Oct4 were produced by transfecting GP2-293t cells with recombinant plasmids murine stem cell virus (MSCV)-Sox2 and MSCV-Oct4. Supernatants containing retroviruses were obtained after 48-hour transfection and MEFs were then infected. Different concentrations (0, 5, 10 and 20 µmol/L) of RV were added to embryonic stem cell (ESC) medium to culture MEFs 48 h post-infection. iPSC clones emerged and were further cultured. Expression of pluripotent markers of iPSCs was identified by cell immunofluorescence and reverse transcription-polymerase chain reaction. Both cytotoxicity and cell proliferation were assayed by Western blot analysis after RV was added into ESC medium. The ultrastructure change of mitochondria was observed by electron microscopy. RESULTS: More than 2.9-fold and 1.3-fold increases in colony number were observed by treatment with RV at 5 and 10 µmol/L, respectively. The reprogramming efficiency was significantly decreased by treatment with 20 µmol/L RV. The proliferation effect on MEFs or MEFs infected by two factors Sox2/Oct4 (2 factors-MEFs, 2F-MEFs) was investigated after RV treatment. At 20 µmol/L RV, induced cell apoptosis and proliferation inhibition were more obvious than those of 5 and 10 µmol/L treatments. Clones were selected from the 10 µmol/L RV-treated group and cultured. Green fluorescent protein expression from one typical clone was silenced one month later which expressed ESC-associated marker genes Gdf3, Nanog, Ecat1, Fgf4 and Foxd3. Electron transmission microscope showed obvious cavitations in mitochondria. The expression of hypoxia-inducible factor-1α was up-regulated when 2F-MEFs were treated with RV compared to the control group. CONCLUSION: RV improved the efficiency of reprogramming 2F-MEFs into iPSCs at low and moderate concentrations (5 and 10 µmol/L). The effect of 10 µmol/L RV on reprogramming was much greater than that of 5 µmol/L RV. However, high concentration of RV (20 µmol/L) led to more severe cavitations in mitochondria and caused cytotoxic effects. Taken together, these findings suggest that RV mimics hypoxia in cells and promotes reprogramming at a low concentration. KEYWORDS: resveratrol; plant extracts; pluripotent stem cells; hypoxia; mitochondria cavitation; in vitro DOI: 10.3736/jintegrmed2013039 Ding DF, Li XF, Xu H, Wang Z, Liang QQ, Li CG, Wang YJ. Mechanism of resveratrol on the promotion of induced pluripotent stem cells.
Introduction
The importance of induced pluripotent stem cells (iPSCs) has drawn our attention for their potential cellular therapy of disease in the future. Improving the efficiency of cell reprogramming is one of the major focus issues in current iPSC study. A growing body of evidence shows that small molecular compounds can play an important role in the process of somatic cell reprogramming. For example, reprogramming efficiency is improved by the inhibition of mitogen extracellular kinase (MEK)/glycogen synthase kinase-3β (GSK3β) or histone deacetylase by small molecules [1] [2] [3] [4] . Further, the activation of Wnt/β-catenin or bone morphogenic protein/Smad signaling pathways by protein [5] [6] [7] can also promote reprogramming. Finally, ascorbic acid (vitamin C, a naturally occurring compound) has also been found to increase rate of iPSCs formation [8] . At present, these chemical compounds may increase the reprogramming efficiency through activating signal pathways but are accompanied by undesirable side effects. It is essential for us to continue to explore other natural compounds which can promote reprogramming and minimize adverse effects.
Resveratrol (3,4′,5-trihydroxy-trans-stilbene, RV), a phytoalexin naturally present in grapes, berries, peanuts, and included in many dietary supplements, has recently attracted much attention due to its antioxidant property [9] [10] [11] . Recently, RV was reported to play a role in somatic cell reprogramming, and has also been shown to improve the efficiency of reprogramming mouse embryonic fibroblasts (MEFs) into iPSCs [12] . However, the mechanism through which RV increases the efficiency of reprogramming is still unknown. In this study, we aimed to investigate the role of RV in MEF reprogramming.
Materials and methods

Experimental design
MEFs infected by two factors Sox2/Oct4 (here referred to as 2 factors-MEFs, and abbreviated as 2F-MEFs) were obtained by simultaneously infecting MEFs with two murine stem cell virus (MSCV) retroviruses: MSCVSox2 and MSCV-Oct4. The effects of RV at different concentrations (0, 5, 10, and 20 µmol/L) on 2F-MEF reprogramming efficiency and other cell health parameters were investigated. Response variables included cell proliferation, apoptosis, reprogramming efficiency, expression of pluripotent genes and the structural changes of mitochondria.
Cell lines and culture
Cell line GP2-293t was bought from the American Type Culture Collection and maintained in Dulbecco's modified Eagle's medium (DMEM, Biowest, France) containing 10% fetal bovine serum (FBS) and antibiotics (penicillinstreptomycin). Culture medium was changed every other day. MEFs were isolated and cultured from E13.5 embryos.
Cell transfection
DNA (MSCV-Sox2 or MSCV-Oct4) 2 μg and PMD 2.0G 2 μg were combined and diluted in 200 μL serum-free DMEM. Transfection reagent (10 μL lipofectamine 2000) was also diluted in 200 μL serum-free DMEM. These two solutions were mixed gently within 5 min of preparation, and pipetted onto the surface of GP2-293t cells 20 min later. The medium was replaced with complete medium 4 h post-transfection. The supernatant was collected 48 h post-transfection.
iPSC derivation from MEFs in medium containing RV
MEFs were infected by supernatant mixture containing Oct4 and Sox2 retroviruses respectively. Medium was replaced by fresh medium 6 h post-infection. Cells were passaged 48 h post-infection, then RV of different concentrations (0, 5, 10, and 20 µmol/L) was added to embryonic stem cell (ESC) culture medium (DMEM containing 10% FBS, 1×nonessential amino acids, 1 mmol/L sodium pyruvate, 0.1 mmol/L 2-mercaptoethanol, supplemented with leukemia inhibitory factor). 2F-MEFs were maintained in ESC medium containing RV from 48 h post-infection for the duration of the experiment. Cells were passaged every other day. RV powder (purity, 98%) was purchased from Nanjing Traditional Chinese Medicine Institute of Materia Medica, China.
Immunofluorescence
The preparation of cells for immunofluorescence proceeded as follows: cells were fixed with 4% paraformaldehyde, washed in phosphate-buffered saline (PBS) three times, permeabilized with 0.1% Triton X-100 for 30 min, washed in PBS three times, blocked in 1% bovine serum albumin, then incubated with primary antibody at a ratio of 1:200 (Sox2 (SC-17320) and Oct4 (SC-5279)) for 1 h at room temperature, washed in PBS three times, and then incubated with secondary antibody for 30 min at room temperature. Nuclei were stained by 10 ng/mL 4′, 6-diamidino-2-phenylindole.
Western blot analysis
Cells were lysed with lysis buffer (Beyotime, P0013B) containing phenylmethanesulfonyl fluoride. Lysates were centrifuged at 12 000 ×g at 4 ℃ for 10 min, and the supernatants were collected. Protein concentrations were determined using a bicinchoninic acid protein assay kit (Pierce, Cat. No. 23227). Proteins were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane using a standard protocol. The membrane was blocked with 10% non-fat milk for 1 h at room temperature. The PVDF membranes were incubated with primary antibodies and probed with the respective secondary antibodies. Finally, the membranes were exposed and Journal of Integrative Medicine www.jcimjournal.com/jim scanned using Odyssey® Infrared Imaging system. The following antibodies were used: proliferating cell nuclear antigen (PCNA; SC-25280), β-actin (CST, #4967), hypoxiainducible factor-1α (HIF-1α) (SC-10790), Bax (ab7977), Bcl2 (ab7973), and glyceraldehyde-3-phosphate dehydrogenase (#2118, CST).
Reverse transcription-polymerase chain reaction for marker genes in iPSCs
Total RNA was extracted from iPSCs and reverse-transcribed into cDNA with reverse transcription transcriptase avian myeloblastosis virus (Takara, D2620). Polymerase chain reaction (PCR) was done with ExTaq (Takara, DRR041A). Primer sequences are listed in Table 1 .
Statistical analysis
Experimental data discussed in the text were expressed as mean ± standard deviation. One-way analysis of variance, and post-hoc Tukey HSD for multiple comparisons, were performed with statistical software SPSS 10.0. Significance level was defined as P values ＜ 0.05.
Results
Retrovirus production in GP2-293t cells and infection
Sox2 and Oct4 were cloned in frame with internal ribosome entry site green fluorescent protein (IRES-GFP) sequence in MSCV so that GFP gene was also expressed when recombinant plasmids (MSCV-Oct4 and MSCVSox2) were transfected into GP2-293t cells or in the virusinfected MEFs. GFP could be detected 48 h post-transfection Cytotoxicity was assayed by analyzing the expression of Bcl2 and Bax. 2F-MEFs were cultured with RV for 24 h. There was an increasing tendency towards the expression level of Bax from low to high concentration of RV, but there was no significant difference in the expression of Bcl2 among different groups ( Figure 2C ).
All the experiments were repeated three times independently and similar results were obtained in our study. Three plates were used to calculate averages each time.
The silencing of exogenous expression of Sox2/ Oct4 and the reactivation of endogenous pluripotencyassociated genes in iPSCs
The fully-reprogrammed iPSCs must be selected for the silence of exogenous pluripotency genes. One typical clone from the 10 µmol/L RV group which exhibited morphology similar to ESCs was picked ( Figure 3A ) and further expanded (Figure 3B, left) . GFP was silenced one month later ( Figure 3B, right) , which indicated that exogenous Sox2/Oct4 was also silenced. Endogenous Sox2/Oct4 was highly expressed in iPSCs by cell immunostaining (Figure  3C , left; Figure 3D , left). Nuclear staining with DAPI showed that all the cells were positive for Sox2/Oct4 (Figure 3C, right; Figure 3D , right). Alkaline phosphatase staining confirmed that cells from the selected clone had high alkaline phosphatase activity ( Figure 3E ). In addition to the expression of Sox2/Oct4, other pluripotency marker genes (Ecat1, Fgf4, Gdf3, Nanog and Foxd3) were also expressed ( Figure 3F ).
RV-induced hypoxic change and HIF-1α expression
2F-MEFs were maintained in ESC medium supplemented with RV (0, 5, 10, and 20 µmol/L). Cells were fixed the next day. All the procedures were performed in the Experimental Center for Scientific Technology of Shanghai University of Traditional Chinese Medicine. Specimens were analyzed by transmission electron microscopy. In contrast to the control cells, cells with RV treatment contained obvious cavitations ( Figure 4A ). The protein expression of HIF-1α was also increased significantly when 2F-MEFs were treated with different concentrations of RV ( Figure 4B ). Figure 3 Representative iPSC clone was picked out and analyzed for the expression of pluripotency-associated genes A: Phase contrast and fluorescence image of ESC-like clone generated from RV 10 µmol/L group (Fluorescence microscopy, ×100). B: iPSC clone was picked and GFP was silenced after being cultured for one month (Fluorescence microscopy, ×100). C: Immunostaining of Oct4 in iPSCs; nuclei were stained by DAPI (Fluorescence microscopy, ×100). D: Immunostaining of Sox2 in iPSCs; nuclei were stained by DAPI (Fluorescence microscopy, ×100). E: ALP staining of iPSCs (Fluorescence microscopy, ×100). F: Pluripotency marker genes (Ecat1, Fgf4, Gdf3, Nanog, and Foxd3) were reactivated in iPSCs. iPSCs: induced pluripotent stem cells; ESC: embryonic stem cell; RV: resveratrol; GFP: green fluorescent protein; DAPI: 4′,6-diamidino-2-phenylindole; ALP: alkaline phosphatase; MEFs: mouse embryonic fibroblasts.
Discussion
RV was reported to exhibit the properties of chemoprevention, proliferation inhibition and apoptosis induction in several human cancer cells [13] [14] [15] [16] . Furthermore, effects of RV have been documented in cardiac protection, antiviral properties, anti-inflammatory properties, anti-aging activities and lifespan extension capacity [17] [18] [19] . In recent years, as our understanding of the role of stem cells in cancer has grown, RV has also been found to inhibit the proliferation of cancer stem-like cells in mammary gland tissue [20] and to down-regulate the expression of pluripotency-associated transcription factors in pancreatic cancer stem cells [21] .
In the present study, we provided new evidence that promotion of cell reprogramming by RV may follow another mechanism. Different from the work by Chen et al [12] , MEFs in our experiment were induced by Sox2 and Oct4 only. Further, RV was added in ESC medium for 2F-MEFs 2 d post-infection, and induction with RV lasted for a week. ESC-like clones appeared two weeks post-infection. The use of oncogenes Klf4 and c-myc by Chen et al [12] lead to 6.1-fold increase in induction efficiency (number of colonies) with RV addition compared to ours (2.9-fold increase). Though the efficiency was lower, iPSCs induced in our experiment were safer than theirs.
Inhibition of the trasforming growth factor-β, MEK, and GSK3 pathways or activation of Wnt/β-catenin can promote
Journal of Integrative Medicine iPSC generation, which suggested that manipulation of cell growth and proliferation may contribute to efficient cell reprogramming. Therefore, we also investigated the effect of RV on cell proliferation. We found that low concentration of RV did not influence the cell proliferation of MEFs or 2F-MEFs, but slightly increased cell apoptosis in 2F-MEFs. 2F-MEFs had increased proliferation relative to the MEFs. This may be explained by Sox2 working together with Oct4 to accelerate the process of the cell cycle. There was significantly more apoptosis in 2F-MEFs in the 20 µmol/L RV group than in the other three groups. Together, these data indicate that the effect of RV on cell reprogramming was not because of increased rates of cell proliferation in MEFs or 2F-MEFs. Notwithstanding, Oct4 in conjunction with Sox2 appeared to accelerate the cell growth of 2F-MEFs in the process of reprogramming.
Oxygen levels during embryonic development have been shown to be important to cell growth and health. In vivo and in vitro, low oxygen tension (1.5%-8%) can improve the embryo development of several species including human and bovine [22] [23] [24] [25] [26] . Moreover, gene expression profiles of embryos raised in vitro under low oxygen (5%) level were more similar to embryos raised in vivo than they were to embryos raised in vitro under high oxygen (20%) [27, 28] . Also, in vitro low oxygen concentration, towards physiological levels, has been shown to be beneficial for supporting self-renewal and decreasing spontaneous differentiation of ESCs [29, 30] . Oct4, Sox2, Klf4 and c-myc (OSKM) were introduced into MEFs or human somatic cells and cultured under normoxic (21%) and hypoxic (1% and 5%) culture condition. Generation of iPSCs colonies was significantly higher in mild hypoxic condition (5%) when compared to normoxia and strict hypoxia [31] . In our study, the effect of RV treatment on monitored response variables (cavitations, HIF-1α, reprogramming efficiency) in MEFs and 2F-MEFs was similar to what could be expected in hypoxia. Cavitations in mitochondria Figure 4 Hypoxia changes in 2F-MEFs cultured by RV A: Mitochondria in control cells (0 µmol/L) was intact which was denoted by arrow (Electron transmission microscopy, ×10 000). There are increasing cavitations in mitochondria with RV treatment for 24 h. Cavitations were denoted by arrows. B: The expression level of HIF-1α was higher in high concentration group than in low concentration group. 2F-MEFs: 2 factors-mouse embryonic fibroblasts; RV: resveratrol; HIF-1α: hypoxia-inducible factor-1α; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
Journal of Integrative Medicine www.jcimjournal.com/jim were obvious in RV-treated groups and more serious cavitations could be seen in high concentration of RV. Cavitations usually developed when cells were induced by hypoxia. Further experiments are needed to confirm this relationship. Up-regulation of HIF-1α is an important indicator for cells raised under hypoxic conditions [32] . In the results presented here, there is significantly higher expression of HIF-1α in the RV-treated groups compared to the control group. Cytotoxicity, such as apoptosis, can also be induced under conditions of extreme hypoxia. In our study, cell proliferation was inhibited more severely in the 20 µmol/L RV group than in the other three groups. These findings may explain the low efficiency of reprogramming in the 20 µmol/L RV group. Experimental data show reprogramming efficiency was optimized in the 10 µmol/L RV treatment group. Taken together, these data may reflect a coupling of the mechanism through which RV operates with the optimization of oxygen levels during cell development.
In conclusion, in the process of MEF reprogramming, RV mimics the effect of hypoxia. Proper hypoxia is essential for reprogramming 2F-MEFs into iPSCs. Severe hypoxia, however, induced cell apoptosis, inhibited cell proliferation and exhibited adverse effect on reprogramming 2F-MEFs into iPSCs. 
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